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Abstract 
The water vapor sensor based on tunable laser diode absorption spectroscopy, capable of 
measuring concentration of water vapor in real time at multiple locations in fire environment under 
extreme obscuration was designed. A three-tier detection sensitivity scheme was implemented 
using various levels of laser power to overcome continuously changing smoke obscuration. 
Simulations based on HITRAN database were used to quantify water vapor concentration in real-
time by comparing the absorbance values after accounting for temperature correction based on 
local temperatures monitored using thermocouples. Water vapor concentration in training fire 
scenarios carried out in three different structures, i.e metal container, concrete and drywall were 
studied. The effect of fuel load on water vapor concentration was compared by considering three 
distinct fuel loads namely, pallet and straw, pallet, straw and oriented standard board (OSB) and 
lightweight furnishings. Suppression by water application caused an increase in water vapor 
concentration in the metal structure but the maximum water vapor concentration was observed 
during the evolution of fire for most of the scenarios. Decrease in temperature after water 
application was observed in all structures for all fuel loads. Among the fuel loads investigated, the 
highest temperature and water vapor concentration was observed when pallet, straw and OSB were 
used, irrespective of the structure. However, for the same fuel load, fires in concrete structure 
recorded the highest temperature while fires in dry wall structure generated higher water vapor 
concentration. Dry wall structure, made of gypsum (CaSO4∙2H2O) when exposed to high 
temperature fire environment, dehydrated resulting in higher observed water vapor concentration.  
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Chapter 1: Introduction 
 Structure Fires 
Structure fires are complex environments and due to the large number of variables that govern 
their nature and dynamics, they remain difficult to fully characterize and model. A typical 
residential or training fire involving hydrocarbon fuels will typically begin with an abundance of 
oxygen and fuel in the environment. As the fire develops inside a building compartment, it may 
transition from fuel lean to fuel rich and may involve many different fuels within the environment. 
The primary combustion by-products for a hydrocarbon fuel include carbon dioxide and hydrogen 
dioxide, though a wide range of additional compounds are typically encountered depending on the 
fuel load, ventilation configurations, fire stage and many other factors. It is important to know how 
these fires develop, the timelines occupants have to escape, and the effect of different firefighting 
tactics on the environment in the fire rooms and common areas adjacent to the fire room. 
In most common structure fires, applying controlled streams of water is the most effective means 
for suppressing burning contents. While suppression of the fire is the firefighters’ ultimate goal, 
there are concerns regarding the generation of excess amount of steam within the structure. The 
relative magnitude of moisture introduced into the environment by steam production from 
application of water to a burning fuel compared to that generated by the fire itself is not well 
understood. In fact, the ability to measure moisture at elevated temperatures has been identified as 
a need for improved hazard assessments for occupants who are potentially trapped in the structure.  
In the SFPE Handbook [1], Purser suggests that: 
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“… it is possible that the presence of water vapor may be an important neglected hazard in 
fires”. 
and  
“Humid air, steam or smoke with a high thermal capacity of latent heat (due to vapor content 
or suspended liquid or solid particles) may be dangerous at temperatures of around 100 oC, 
causing burns throughout the respiratory tract.  It may be possible to predict the likely effects 
of hot-smoke atmospheres if thermal capacity or latent heat were measured.”  
Thus, the ability to measure moisture concentration in such environments is a critical avenue of 
research for firefighter safety as well as to fully understand the impact of tactical decisions on 
trapped victim safety. While several well-established instruments exist to characterize the 
environmental conditions within a structure containing fires by measuring temperature, heat flux 
and a variety of effluent gasses, the ability to measure moisture content in conditions applicable to 
describing fire environments, particularly after application of water to suppress the fire, presents a 
challenging problem. Traina [2] recently developed a tool based on tunable diode laser absorption 
spectroscopy (TDLAS) to measure water vapor directly in the fire environment. Tunable laser diode 
absorption techniques are often used to measure water vapor in high-temperature and high-pressure 
combusting environments such as combustors, shock tubes, coal power plants [3-10]. Tunable diode 
laser techniques have also been used to measure water vapor and oxygen in the fire environment, 
where obscuration presents a huge challenge to successful measurement of the species 
concentration [11, 12]. 
Traina’s initial application of the TDLAS instrument focused on characterizing residential 
structure fires conducted at the UL Fire Laboratory and provided the first measurement of moisture 
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concentrations from initial fire development through suppression.  The current project will expand 
up on Traina’s work to provide a multi-tier sensitivity system that will allow up to three different 
locations to be characterized at the same time.  This second-generation tool will be applied to study 
moisture generated by conducting and suppressing live-fire training scenarios at the Illinois Fire 
Service Institute (IFSI).  This application will provide firefighters with a better understanding of 
how moisture that they encounter in training compares with the typical exposures they might have 
on the fire ground as well as highlight some of the challenges and limitations of applying what 
they learn from the typical training environment to their next residential structure response. 
 Tunable Diode Laser Absorption Spectroscopy 
TDLAS is a narrow-band absorption spectroscopy technique that is used to measure species 
concentration in gaseous mixtures by scanning a small width of the electromagnetic spectrum with 
high temporal resolution. TDLAS technique gives a path averaged measurement along the laser 
beam. While scanning about the target wavelength, a drop in the intensity is observed at the 
wavelength that is absorbed by the species of interest. This drop in intensity can be directly related 
to the concentration of the species (in terms of its partial pressure) in the region of measurement 
using the Beer-Lambert’s law defined in Equation 1 [13]. 
 𝐴𝜈 = −𝑙𝑜𝑔 (
𝐼
𝐼0
)
𝜈
= log(𝑒) 𝑘𝜈𝐿 (1) 
where 𝐴𝜈 is the absorbance of the species, 𝐼0 is the intensity of light incident on the region of 
interest and 𝐼 is the intensity of light transmitted by the species as illustrated in Figure 1. 𝑘𝜈 is the 
spectral absorption coefficient at wavenumber 𝜈, and 𝐿 is the path length over which absorption 
occurs. 𝑘𝜈𝐿 is the optical depth of the medium. 
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Figure 1: Schematic of a medium partially absorbing light 
The spectral absorption coefficient, 𝑘𝜈 is defined as 
 𝑘𝜈 =
𝑞𝑃
𝑘𝑇
𝑆𝑔𝜈 (2) 
where 𝑞 is the volume mixing ratio, 𝑃 is the total atmospheric pressure and 𝑇 is the temperature of 
the mixture in K,  𝑆 is the spectral line intensity, 𝑔𝜈 is the spectral line shape and 𝑘 is the 
Boltzmann’s constant. Partial pressure, 𝑝 of the absorbing species is the product of the volume 
mixing ratio, 𝑞 and total atmospheric pressure, 𝑃. Hence, absorbance is given by  
 𝐴𝜈 =  −𝑙𝑜𝑔 (
𝐼
𝐼0
)
𝜈
= log(𝑒)
𝑝𝐿
𝑘𝑇
𝑆𝑔𝜈 (3) 
 HITRAN database 
HITRAN (an acronym for HIgh resolution TRANsmission) molecular absorption database is a 
compilation of spectroscopic parameters that can be used to predict and simulate absorption and 
emission of 49 species in the visible, infrared and microwave region of the electromagnetic 
spectrum. The transitions in this region of the spectrum are generally rotational and vibrational or 
rovibrational transitions. Vibrational modes include bending and symmetric and asymmetric 
stretching and the rotational modes include rotation about the x, y and z-axis of the molecule. The 
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HITRAN database identifies molecular species by assigning a sequential number in the 
chronological order in which the species were introduced into the database. Moreover, it also 
assigns a sequential number to isotopologues of the molecule in decreasing order of their natural 
abundance in terrestrial environment, 𝐼𝑎. The spectral line transitions are listed in terms of 
wavenumber, 𝜈0 (cm
-1) in vacuum. The wavenumber corresponds to the difference between the 
energy of the upper state and the lower state of the transition. The spectral line intensity of the 
transition between two rovibronic states is given as 
 𝑆0 =  𝐼𝑎
𝐴𝑖𝑗
8𝜋𝑐𝜈02
𝑔𝑢𝑒𝑥𝑝(− (ℎ𝑐/𝑘)𝐸𝑙 𝑇0⁄ ) (1 − exp (−(ℎ𝑐/𝑘)𝜈0 𝑇0⁄ ))
𝑄(𝑇0)
 (4) 
where  𝐴𝑖𝑗 (s
-1) is the Einstein coefficient for spontaneous emission, 𝑔′ is the statistical weight of 
the upper state, and 𝐸𝑙 is the lower state energy (cm
-1). The database lists 𝐴𝑖𝑗, 𝐸𝑙, 𝑔𝑙 and 𝑔𝑢 for 
each transition. The Plank’s constant, h (erg s), the Boltzmann’s constant, k (erg K-1) and the speed 
of light, c (cm s-1) are used in cgs units. 𝑄(𝑇), also tabulated in the database for wide range of 
temperature, is the total internal partition sum defined as 
 𝑄(𝑇) =  ∑ 𝑔𝑘𝑒
(−
ℎ𝑐𝐸𝑘
𝑘𝑇 )
𝑘
 (5) 
where 𝑔𝑘 is the statistical weight and 𝐸𝑘 is the energy of the k
th level. The spectral intensity, 𝑆0 is 
tabulated in the HITRAN database at the reference temperature, 𝑇0 = 296 K for a single molecule, 
per unit volume. It bears the units of cm-1/molecule⋅cm-2 to emphasize that the intensity can be 
thought of as wavenumbers per column density i.e. the area under the line shape.  
The database also lists parameters such as the self-broadened half width at half maximum, 𝛼𝑠𝑒𝑙𝑓, 
air-broadened half width at half maximum, 𝛼𝑎𝑖𝑟, coefficient of temperature dependence of the air-
broadened half width, 𝛾𝑎𝑖𝑟, and the pressure shift, 𝛿𝑎𝑖𝑟 (cm
-1/atm) of the line position with respect 
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to the vacuum transition wavenumber, 𝜈0 required to calculate the spectral line shape function for 
absorption or emission in air. The database uses reference pressure, 𝑃0 = 1 atm. Spectral line 
intensity, 𝑆 at temperature, 𝑇 can be calculated using 
 𝑆(𝑇) = 𝑆0
𝑄(𝑇0)
𝑄(𝑇)
 exp (
−ℎ𝑐𝐸𝑙
𝑘
(
1
𝑇
−
1
𝑇0
)) (
1 − exp (
−ℎ𝑐𝜈𝑐
𝑘𝑇 )
1 − exp (
−ℎ𝑐𝜈𝑐
𝑘𝑇0
)
) (6) 
where 𝜈𝑐 is the wavenumber of the line center of transition in air which increases linearly with 
pressure from its vacuum position, 𝜈0 and is related by 
 𝜈𝑐 = 𝜈0 + 𝛿𝑎𝑖𝑟
𝑃
𝑃0
 (7) 
The line shape can be approximated by a Voigt profile, which is a combination of a Gaussian and 
a Lorentzian profile. At pressures less than 0.01 atm, temperature broadening dominates, and the 
line shape is takes a Gaussian profile. At pressures over 0.1 atm (altitudes below 16 km), pressure 
broadening dominates, and the Voigt profile reduces to a Lorentzian profile, 𝑓𝐿 is given by 
 𝑓𝐿 =
1
𝜋
𝛼𝐿
(𝜈 − 𝜈𝑐)2 + 𝛼𝐿2
 (8) 
where 𝛼𝐿 is the Lorentzian half width half maxima given by 
 𝛼𝐿 = ((1 − 𝑞)𝛼𝑎𝑖𝑟 + 𝑞𝛼𝑠𝑒𝑙𝑓)
𝑃
𝑃0
(
𝑇0
𝑇
)
𝛾𝑎𝑖𝑟
 (9) 
Thus, taking into account adjustments for far-wing effects to the Lorentzian profile, the spectral 
line shape, 𝑔𝜈 is given by 
 𝑔𝜈 =
𝜈
𝜈𝑐
(
𝑡𝑎𝑛ℎ (
ℎ𝑐𝜈
2𝑘𝑇)
𝑡𝑎𝑛ℎ (
ℎ𝑐𝜈𝑐
2𝑘𝑇 )
) 𝑓𝐿 (10) 
In a given experimental setting concentration of a species would be obtained from 𝑝 by 
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measuring 𝐼0, 𝐼, 𝑃, 𝑇 and 𝐿, while 𝑆 and 𝑔𝜈 would be calculated from the HITRAN database[14], 
using Equations 4-10 adopted from [15]. 
 Water vapor measurement system – design of previous version 
The first generation of the water vapor measurement system were developed using two-tier and 
later, three-tier sensitivity schemes by Traina [2] at University of Illinois at Urbana-Champaign. 
The system was used for measurement at one location. The commercially available single mode 
diode laser for optical sensing of water vapor centered at 1392 nm was used for absorption of 
1392.5 nm (wavenumber 7181.15 cm-1) line in the vibrational overtone band of water vapor. Figure 
2 shows the absorbance of water vapor absorption line at 7181.15 cm-1 for various temperatures 
and partial pressures. 
 
Figure 2: Simulations for water vapor based on HITRAN database 
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The 14-pin butterfly diode laser was supplied by Eblana Photonics Ltd., the laser power 
characteristics and laser spectral characteristics of which are provided in Figure 3 and Figure 4. 
The laser was mounted on the Arroyo 203 Butterfly LaserMount diode laser mount and controlled 
using Arroyo 6305 ComboSource laser and TEC controller. The laser power was split 50:50 using 
a 1x2 wideband fiber optic coupler (Thorlabs TW1300R5F1). This made water vapor 
measurements at two locations possible. The light from each of the coupler outputs was transmitted 
to and from the measurement location using SMF28E-FC fiber patch cables from Thorlabs. 
FiberPort Collimators from Thorlabs (PAF-X-11-PC-C) were used to pitch and catch the laser 
light at the measurement location. Uncoated calcium fluoride wedge windows (WW51050) were 
used to protect the collimation optics from soot and other agents of corrosion in the fire 
environment. Laser light from the measurement location was transmitted back to the system where 
 
Figure 3: Power characteristics of Eblana 1392 nm laser diode 
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Figure 4: Spectral characteristics of Eblana 1392 nm laser diode 
it was successively split using two 99:1 fiber optic couplers, forming a three-tier sensitivity scheme 
that allows measurement of water vapor through 0.01 to 100% light transmission conditions. In 
order to ensure signal continuity during transition from one sensitivity tier to the next, additional 
attenuators were used. After attenuating, the light was collected using InGaAs Fixed Gain 
Amplified Detector (PDF10C). Three photodetectors were used for each measurement location. 
Voltage outputs from the photodetectors were acquired using National Instruments data acquisition 
system (NI PCIe-6341). The system was housed in a modified Pelican-Hardigg rack mount case. 
National Instruments’ system-design platform, LabVIEW was used to both simulate the laser 
controller and record the photodetector voltages. Data was acquired at the rate of 1 Hz. The data 
was later post-processed using Microsoft Excel and MATLAB to obtain water vapor concentration 
in the fire environment in terms of percentage by volume.     
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Chapter 2: Water Vapor Measurement System Design 
In order to better understand the water vapor concentration distribution in the fire environment and 
get more information from the data in real time while making the system sturdy and more resistant 
to the harsh fire environment, several upgrades to the initial design of the water vapor measurement 
system are made.  
 Three Location Simultaneous Measurement 
After successfully testing the water vapor measurement system with 3-tier sensitivity scheme, a 
system that could measure water vapor simultaneously at three locations was required in order to 
better understand how water vapor concentration changes with height from the floor or to measure 
water vapor concentration simultaneously at different locations in the structure. For this purpose, 
the light from the 1392 nm laser is split using a 1x4 wideband fiber optic coupler from Thorlabs 
(TWQ1300HF). Three of the outputs are used and one of them was capped off. This leaves room 
for measurement at a fourth location in future. The 3-tier sensitivity scheme is implemented for all 
the three locations.  
 Temperature Correction 
To calculate partial pressure of a species using Equation 3, 𝐼0 and 𝐼 are measured by the 
photodiodes, the total pressure,  𝑃 is assumed to be a constant of 1 atm as all the residential fire 
experiments are conducted at atmospheric conditions. Path length, 𝐿 is pre-defined and constant 
throughout an experiment. The temperature, 𝑇, however changes during the experiment. In order 
to accurately calculate the partial pressure of the species, it is necessary to measure temperature 
close to where the absorption of the laser light takes place. For this purpose, 24-gauge glass braid 
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insulated k-type thermocouples from Omega are used at each of the three locations. In order to 
have a response time smaller than the sampling frequency, thermocouples having a bead diameter 
of 0.51 mm are chosen. Figure 5 shows a schematic of the new water vapor concentration 
measurement system capable of measuring water vapor concentration at three locations with three 
levels of sensitivity at each location. 
 
Figure 5: Schematic of the new water vapor measurement system 
 Relative Humidity 
Equation 3 would give the partial pressure of water vapor in air, 𝑃𝐻2𝑂. A more familiar measure 
of water content in air, the relative humidity, 𝑅𝐻 at a particular temperature is defined as the ratio 
of the partial pressure, 𝑃𝐻2𝑂 to the saturation vapor pressure, 𝑃𝑠𝑎𝑡 at that temperature.  
12 
 
 𝑅𝐻 =  
𝑃𝐻2𝑂
𝑃𝑠𝑎𝑡
× 100 (11) 
The saturation vapor pressure is estimated using the Antoine Equation [16], with parameters as 
listed in Table 1. 
 𝑃𝑠𝑎𝑡 = 10
𝐴− 
𝐵
𝐶+𝑇 (12) 
where A, B and C are Antoine parameters that are valid between temperatures Tmin and Tmax and 
𝑇 is the temperature in °C at which saturation vapor pressure is to be estimated. 
A B C Tmin (°C) Tmax (°C) 
8.07131 1730.63 233.426 1 99 
8.14019 1810.94 244.485 100 374 
Table 1: Parameters for Antoine equation for saturation water vapor pressure [17] 
For the same partial pressure of water vapor, air at higher temperature will have lower relative 
humidity compared to air at lower temperature. Below the boiling point, 100 % relative humidity 
is achievable. Above the boiling point, the amount of water vapor that air can hold increases rapidly 
and the maximum achievable relative humidity at atmospheric pressure decreases. 
 Sturdy Pitch-Catch 
Transporting the previous version of the water vapor measurement system to the testing site or 
moving the pitch-catch between consecutive experiments posed a challenge with maintaining the 
alignment of the pitch-catch setup. In order to overcome this, a 30 mm optical cage system is 
implemented. It uses four rigid steel rods to mount the pitch and catch optics along a common 
optical axis. Once the alignment screws of the FiberPort collimators are locked, this improved 
pitch-catch setup eliminates the need to adjust the alignment between experiments and transports. 
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 Uniform Signal-to-noise Ratio 
The SMF28E fiber patch cables that are used have an upper temperature limit of 85 °C. Previous 
fire environment temperature measurements show that the peak temperature even in a room 
adjacent to the fire room could reach well above that limit. It was observed that with repeated 
exposure high temperatures, caused the fiber patch cables soften and yield under its own weight 
where it was connected to the FiberPort collimators. As a result of this thermal damage, noise in 
the laser signal from the measurement location increased and the signal-to-noise ratio dropped 
significantly. The fiber patch cables are now shielded from high temperature exposure by wrapping 
high-temperature fiberglass-reinforced aluminum foil tape. The tape insulation can protect the 
fiber patch cables from temperature up to 250°C. This prevents damage due to exposure to high 
temperature and keeps the signal to noise ratio fairly constant. 
 Real time Data Analysis 
In the earlier version, the recorded photodetector and temperature data was analyzed and compared 
against the HITRAN database using MATLAB to determine the water vapor concentration after 
the experiment was completed. In order to monitor the water vapor concentration during an 
experiment, it is required to process the data in real time. For this purpose, LabVIEW is 
programmed to both acquire and process the data. As the sampling frequency is 1 Hz, the program 
simulates the saw-tooth waveform for the laser controller and acquires the photodetector voltages 
and thermocouple readings every second. For each location, it uses the acquired photodetector 
voltages to select the least saturated non-zero level, 𝐼 and fits a linear baseline to 𝐼. The baseline 
represents the intensity of incident light, 𝐼0. Figure 6 shows 𝐼 in blue and 𝐼0 in red. Absorbance is 
then calculated using Equation 3.  
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Figure 6: Estimation of I0 based on I 
The program calculates and compares the peak absorbance with peak absorbance values obtained 
from the HITRAN database at the temperature measured by the thermocouple. The partial pressure 
at which the calculated and database peak absorbance values match is displayed and recorded as 
percentage volume of water vapor in air. The program then calculates the relative humidity using 
the partial pressure and temperature values in accordance with Equation 11, which is also displayed 
and recorded.  
In order to reduce the processing time, a matrix of peak absorbance values at partial pressures from 
0 to 0.5 in steps of 0.01 and temperatures from -23.15 °C (250 K) to 526.85 °C (800 K) in steps of 
1 °C for a path length of 3.87604 cm (1.526 in) was obtained using MATLAB beforehand. Partial 
pressure values that are in between the steps are estimated by linearly interpolating between two 
values in the partial pressure matrix that are closest and the corresponding values in the peak 
absorbance matrix.  
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Figure 7: Flowchart of the algorithm of the LabVIEW program 
The program records the photodetector voltages, thermocouple temperature, water vapor 
concentration and relative humidity for all three locations in a LabVIEW measurement (.lvm) file. 
Figure 8, Figure 9 and Figure 10 show the front panel graphs of temperature, water vapor 
concentration and relative humidity as displayed in real time.  
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Figure 8: Real time temperature at three locations 
 
Figure 9: Real time concentration expressed as percentage volume at three locations 
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Figure 10: Real time relative humidity at three locations  
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Chapter 3: Training Fires Moisture Experiments 
 Introduction 
Fire training can involve a wide range of simulations, from the use of photos and video, non-fire 
exercises, live fire exercises in small scale props, single and multi-compartment props, burn 
buildings and acquired structures. Replicating conditions encountered during emergency 
operations using an acquired structure would likely provide the most realistic context and 
correspondingly the greatest risk to the participants. Fire service cannot always train in real 
structures with real fuel loads. Traditionally, recruit firefighters have been placed into training 
buildings constructed of concrete with leaky openings, where a pile of natural fuels such as pallets 
and/or straw are placed in a room corner. The resulting fuel limited fire does not grow like a fire 
involving common furnishings and does not respond to ventilation and fire service tactics like 
today’s compartment fires. The fuel limited training fire results in unrealistic visual cues and fire 
behavior that is different from what could be experienced in the field under similar conditions. 
Lately, many fire academies are using metal containers or are supplementing their concrete 
training buildings with metal training props. The metal training props are much less expensive up 
front and containers can be combined into various geometries and can be reconfigured and 
refurbished by cutting and replacing containers. Residential building structures, concrete structures 
and metal structures have dissimilar material properties and respond differently to fire.  
While structural characteristics and ventilation differ between residential structures and those used 
for live fire training, a significant difference also lies in the types, quantity and configuration of 
fuel. The fuel load in most residential and commercial occupancies is considerably higher than is 
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typically used in live fire training. Pallet and straw, oriented standard board (OSB), pallet and 
straw are the typical fuel loads used for training fire scenarios while a major portion of the fuel 
load in residential fires are the furnishings.  
A series of experiments was conducted at the University of Illinois Fire Service Institute, 
Champaign, IL, to identify the differences in temperature and moisture concentrations while 
burning fuels such as pallet and straw, pallet and straw with OSB, and lightweight furnishings in 
three different structures. Figure 11 shows the fuel loads used for the experiments. 
 
Figure 11: Fuel loads used for the experiments. (a) Pallet and straw; (b) Pallet, straw and OSB; 
(c) Barrel chair (as a representative of lightweight furnishings) 
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 Structure type 1: Metal Container Structure  
The experiments were conducted in a metal container structure, the layout of which is shown in 
Figure 12.  
 
Figure 12: Layout of the metal can structure at IFSI 
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The fuel load was placed in the Master Bedroom and measurements were made in the adjacent 
Living Room 2 at 1 foot, 3 feet and 5 feet heights from the floor of the room. While the door from 
the master bedroom to living room 2 was left open during the entire experiment, the door from the 
master bedroom to the hallway was closed one minute after ignition, the master bedroom window 
was closed one and a half minute after ignition, the door from the master bedroom to dining room 
was closed two minutes after ignition and the living room 2 door was closed two and a half minutes 
after ignition. Experiments 1, 2 and 3 were conducted without suppression in which the fuels were 
allowed to burn out completely and all the doors were opened fourteen minutes after ignition. 
Experiments 4, 5 and 6 were conducted with water application six and a half minutes after ignition 
and all the doors were opened 2-3 minutes after suppression. Details of the experiments conducted 
in the metal container structure are summarized in Table 2. 
Experiment Number Fuel Load Suppression 
1 Pallet and straw No 
2 Pallet, straw and OSB No 
3 Lightweight furnishings No 
4 Pallet and straw Yes 
5 Pallet, straw and OSB Yes 
6 Lightweight furnishings Yes 
Table 2: Details of experiments in the metal building structure type 
Temperature, water vapor concentration and relative humidity plots for Experiment 1 are shown 
in Figure 13, Figure 14 and Figure 15 respectively. The fuel load used was pallets and straw. It 
was ignited two minutes and ten seconds after starting data acquisition. The temperatures at the 
measurement location started to rise as the doors and windows were closed, and the fire grew. The 
peak temperature reached 91 °C at 5 feet, 48 °C at 3 feet and 39 °C at 1 foot from the floor and 
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remained fairly high until the structure was ventilated. The fire was not suppressed, and the fuel 
was allowed to burn out completely. 
 
Figure 13: Temperature for Exp 1 – Pallet and straw without suppression in metal structure 
The water vapor concentration at the measurement location increased gradually as the fire grew, 
reached a peak concentration of 2.9 % by volume at 5 feet, 2% at 3 feet and 1.7 % at 1 foot. The 
concentration gradually decreased as the fuel burned out. Ventilating the structure did not affect 
the water vapor concentration as dramatically as it affected the temperature at the measurement 
location. As the temperature at the measurement location started rising, the relative humidity 
started to decrease. This is because of the fact that air at a higher temperature can hold more water 
vapor and so according to Equation 11, relative humidity decreases. It was observed that with the 
increase in temperature, there is also an increase in water vapor concentration. But the increase in 
temperature dominated, resulting in low relative humidity after ignition until the structure was 
ventilated. 
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Figure 14: Water vapor concentration for Exp 1 – Pallet and straw without suppression in metal 
structure 
  
Figure 15: Relative humidity for Exp 1 – Pallet and straw without suppression in metal structure 
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For Experiment 2, temperature, water vapor and relative humidity plots are shown in Figure 16, 
Figure 17 and Figure 18 respectively. The fuel load was pallet, straw and OSB which was ignited 
three minutes and fifty seconds after starting data acquisition.  
 
Figure 16: Temperature for Exp 2 – Pallet, straw and OSB without suppression in metal structure 
As the doors and windows were closed and the fire grew, the temperatures began to rise and peaked 
at values of 237 °C at 5 feet, 157 °C at 3 feet and 77 °C at 1 foot from the floor about eight minutes 
after ignition and then began to gradually drop. The structure was ventilated about fourteen 
minutes after ignition. The temperature rapidly dropped to background values about two minutes 
after ventilation. The peak water vapor concentration from was 16.8 % at 5 feet about eight minutes 
after ignition. The peak concentrations were 6.4 % and 3.6 % respectively. The water vapor 
concentration gradually decreased to background levels about four minutes after ventilation.  
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Figure 17: Water vapor concentration Exp 2 – Pallet, straw and OSB without suppression in 
metal structure 
 
Figure 18: Relative humidity for Exp 2 – Pallet, straw and OSB without suppression in metal 
structure 
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The relative humidity decreased as the temperature at the measurement location increased as the 
fire grew and remained below 5% at 5 feet and 3 feet until the structure was ventilated. The relative 
humidity increased during ventilation as the temperature drop was relatively sharp compared to 
the drop in the water vapor concentration. 
Figure 19, Figure 20 and Figure 21 show temperature, water vapor concentration and relative 
humidity for Experiment 3. The fuel load used was a barrel chair that had an OSB base and a 
polystyrene structure with upholstery cushion and fabric. It was ignited five minutes and forty-five 
seconds after starting data acquisition.  
 
Figure 19: Temperature for Exp 3 – Lightweight furnishings without suppression in metal 
structure 
The temperature rose as the doors and windows were closed and peaked at 145 °C at 5 feet, 85 °C 
at 3 feet and 61 °C at 1 foot. The OSB base caught fire when almost all of the polystyrene structure 
and upholstery of the chair was burned out, about seven minutes after ignition, as a result of which 
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an increase in temperature was observed. This was visually confirmed and is evident in 
temperature and water vapor concentration data. 
The water vapor concentration started to increase about two minutes after ignition and peaked at 
5.5 % at 5 feet, 3.9 % at 3 feet and 2.6 % at 1 foot. The concentration at 5 feet location was observed 
to decrease about eleven and a half minutes after ignition but increased again confirming the 
burning of the OSB base of the chair.  
 
Figure 20: Water vapor concentration for Exp 3 – Lightweight furnishings without suppression 
in metal structure 
The relative humidity decreased as the temperature increased. About two minutes after ignition, 
the relative humidity was below 5 %, 15 % and 20 % at the 5-feet, 3-feet and 1-foot locations 
respectively. The structure was ventilated eleven minutes after ignition. A sharp drop in 
temperature and water vapor concentration and an increase in relative humidity was observed as 
the values returned to the background values. 
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Figure 21: Relative humidity for Exp 3 – Lightweight furnishings without suppression in metal 
structure 
Figure 22, Figure 23 and Figure 24 show temperature, water vapor concentration and relative 
humidity for Experiment 4. The fuel load used was pallet and straw, which was ignited two minutes 
after starting data acquisition. The peak temperature at 5 feet was 107 °C, at 3 feet was 59 °C and 
at 1 foot was 44 °C. The fire was suppressed by water application six and a half minutes after 
ignition. The drop on temperature after suppression is pronounced in the 5 feet and 3 feet data. A 
second suppression was done two minutes after suppression, which results in further reduction in 
temperature. The water vapor concentration began to rise about three minutes after ignition and 
peaked at 4.4 % at 5 feet, 3.1 % at 3 feet and 2.3 % at 1-foot locations. The water vapor 
concentration increased after each of the two suppressions. The structure was ventilated three 
minutes after the first suppression. 
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Figure 22: Temperature for Exp 4 – Pallet and straw with suppression in metal structure 
 
Figure 23: Water vapor concentration for Exp 4 – Pallet and straw with suppression in metal 
structure 
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Figure 24: Relative humidity for Exp 4 – Pallet and straw with suppression in metal structure 
The relative humidity at 5 feet location reduces to under 5 % when the temperature is above 80°C. 
Even after suppression, the relative humidity at the 5 feet location did not return to background 
values. A corresponding elevated post-experiment temperature was also observed. A reduction in 
relative humidity was also observed at the 3 feet and 1-foot locations but it increased to background 
values after suppression. 
For Experiment 5 temperature, water vapor concentration and relative humidity plots are shown 
in Figure 25, Figure 26 and Figure 27 respectively. The fuel load used was pallet, straw and OSB. 
It was ignited two minutes after stating data acquisition. The temperature steadily increased to 
peak at 224 °C at the 5 feet, 129 °C at 3 feet and 61 °C at 1-foot locations. After suppression, the 
temperature remained fairly constant for about two minutes when a second suppression was done. 
The structure was ventilated one minute after the second suppression. 
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Figure 25: Temperature for Exp 5 – Pallet, straw and OSB with suppression in metal structure 
The water vapor concentration began to rise two minutes after ignition and reaches a high value of 
25% at 5 feet. Loss of data was observed for about a minute due to smoke obscuration. When the 
signal was regained, the peak value of 28 % was recorded. The water vapor concentration increased 
after the first suppression to about 22 % but rapidly dropped to about 8% within a minute of water 
application. The concentration dropped rapidly to the background values after the second 
suppression. There was no loss of data at the 3 feet and 1-foot locations. The peak water vapor 
concentrations at 3 feet and 1 foot were observed to be 9.8 % and 4.2 % respectively.  
The relative humidity decreased steadily after ignition. A spike in relative humidity was observed 
after the first suppression which was likely due to the increase in the water vapor concentration. 
Another spike in relative humidity was observed after the second suppression which was likely 
due to the rapid decrease in temperature. The relative humidity values returned back to background 
values when the structure was ventilated fully. 
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Figure 26: Water vapor concentration for Exp 5 – Pallet, straw and OSB with suppression in 
metal structure 
 
Figure 27: Relative humidity for Exp 5 – Pallet, straw and OSB with suppression in metal 
structure 
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Figure 28, Figure 29 and Figure 30 show the temperature, water vapor concentration and relative 
humidity for Experiment 6. The fuel load used was a barrel chair identical to the one used in 
Experiment 3. It was ignited two minutes after starting data acquisition. The temperatures rose 
steadily as the doors and windows were closed and peaked at 110 °C at 5 feet, 59 °C at 3 feet and 
46 °C at 1 foot. The temperature gradually decreased for about one and half minutes after reaching 
the peak temperature and then increased until water was applied on the fire. The temperature 
decreased for two minutes and stayed fairly constant until the structure was ventilated. 
 
Figure 28: Temperature for Exp 6 – Lightweight furnishings with suppression in metal structure 
At 5 feet the water vapor concentration increased after ignition and reached about 4.6 % due to the 
fire itself. It decreased to about 3 % four and half minutes after ignition and remained fairly 
constant until suppression. Water application resulted in an increase in water vapor concentration 
to the peak value of 6.4 % which then decreased to about 4 % two minutes after suppression. The 
concentration at 3 feet and 1 foot peaked at 4 % and 2.8 % after suppression.  
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Figure 29: Water vapor concentration for Exp 6 – Lightweight furnishings with suppression in 
metal structure 
 
Figure 30: Relative humidity for Exp 6 Lightweight furnishings with suppression in metal 
structure 
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The relative humidity decreased after ignition as temperature began to rise. A large increase in 
relative humidity is observed after water application which is due to a combination of high water 
vapor concentration and reducing temperature after suppression. The water vapor concentration 
and relative humidity values return to the background values after the structure is ventilated. 
 Structure type 2: Concrete structure 
The experiments were conducted in a single-story ranch style structure, the layout of which is 
shown in Figure 31. The fuel load was placed in the Second Bedroom and measurements were 
taken near the door in the same room at 1 foot, 3 feet and 5 feet from the floor. 
 
Figure 31: Layout of the concrete structure at IFSI 
The second bedroom door was kept open during the entire experiment such that it shielded the 
pitch-catch setups from the radiant heat of the fire. The second bedroom windows were closed one 
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and two minutes after ignition. The living room door near the master bedroom was shut three 
minutes after ignition. The master bedroom and dining room doors were kept shut throughout the 
experiment. Suppression by water application was done six and a half minutes after ignition. The 
windows were opened one and two minutes after suppression and the door was opened three 
minutes after suppression. Three experiments were conducted using different fuel loads. Table 3 
summarizes the details of the experiments. 
Experiment Number Fuel Load Suppression 
7 Pallet and straw Yes 
8 Lightweight furnishings Yes 
9 Pallet, straw and OSB Yes 
Table 3: Details of experiments in the concrete structure 
The temperature, water vapor concentration and relative humidity for Experiment 7 are shown in 
Figure 32, Figure 33 and Figure 34. The fuel load used was pallet and straw. It was ignited two 
minutes after starting data acquisition. The temperature rapidly rose to the peak value of 230 °C at 
5 feet and shutting the second bedroom windows caused the temperature drop to about 110 °C 
within two minutes of ignition. The temperature reduced rapidly after the fire was suppressed by 
water application six and half minutes after ignition. The peak temperature at 3 feet was 45 °C 
before suppression. The maximum temperature at the 1-foot location was 30 °C.  
The water vapor concentration at 5 feet began to increase just after ignition and increased to about 
12.6 % three and half minutes after ignition. At 3 feet, a significant increase in water vapor 
concentration was observed only after 2 minutes of ignition and reached a peak value of 2.9 % just 
after suppression. There was no significant change in the water vapor concentration at the 1-foot 
location as the maximum observed value was 1.7 %, as the mean background value was 1.2 %. 
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Figure 32: Temperature for Exp 7 – Pallet and straw with suppression in concrete structure 
 
Figure 33: Water vapor concentration for Exp 7 – Pallet and straw with suppression in concrete 
structure 
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The relative humidity at 5 feet dropped to below 5 % right after ignition. The relative humidity 
reduced a little before suppression at the 3-feet and 1-foot locations. It increased after suppression 
and reached the background values after ventilation. 
 
Figure 34: Relative humidity for Exp 7 – Pallet and straw with suppression in concrete structure 
For Experiment 8 Figure 35, Figure 36 and Figure 37 show the temperature, water vapor 
concentration and relative humidity. The fuel load used was a barrel chair identical to the ones 
used for Experiments 3 and 6. It was ignited two and half minutes after starting data acquisition. 
The temperature rose rapidly reaching the peak value of 254 °C at 5 feet and of 164 °C at 3 feet 
two and half minutes after ignition. The temperature dropped to about 130 °C at 5 feet and about 
90°C at 3 feet due to suppression four minutes after ignition. The second bedroom windows were 
opened to ventilate the structure two minutes and two and half minutes after suppression resulting 
in a temperature drop. The peak temperature at 1-foot was 42 °C before suppression. 
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Figure 35: Temperature for Exp 8 – Lightweight furnishings with suppression in concrete 
structure 
At the 5 feet location, no meaningful water vapor concentration data was obtained due to 
equipment malfunction. At 3 feet however, the peak water vapor concentration was measured to 
be 3.7 %. At 1 foot, the water vapor concentration increased to the maximum value of 2.5 % after 
ignition and remained fairly constant throughout the experiment. Relative humidity at 3 feet 
increased to about 50 % after ignition and then decreased to less than 5 % due to rapid increase in 
temperature two and a half minutes after ignition. Relative humidity at 1 foot also increased to 
about 50 % after ignition and dropped gradually two and half minutes after ignition. An increase 
in relative humidity is observed after suppression. Relative humidity values reached the 
background values gradually after ventilation. As there was no water vapor concentration data 
recorded at 5 feet, the relative humidity could not be calculated. 
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Figure 36: Water vapor concentration for Exp 8 – Lightweight furnishings with suppression in 
concrete structure 
 
Figure 37: Relative humidity for Exp 8 – Lightweight furnishings with suppression in concrete 
structure 
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The temperature, water vapor concentration and relative humidity for Experiment 9 are shown in 
Figure 38, Figure 39 and Figure 40 respectively. Pallet, straw and OSB was used as fuel load. It 
was ignited two minutes and forty-five after starting data acquisition. The temperature at 5 feet 
increased to about 350 °C and remained high until suppression six and half minutes after ignition. 
Temperatures at 3 feet and 1 foot began to rise one minute after ignition, reached maximum before 
suppression and gradually decreased after suppression. The peak temperatures at 5 feet, 3 feet and 
1 foot were recorded to be 381 °C, 86 °C and 49 °C respectively.   
 
Figure 38: Temperature for Exp 9 – Pallet, straw and OSB with suppression in concrete structure 
Water vapor concentration was observed to increase right after ignition at 5 feet. There was loss 
of data due to smoke obscuration. The signal was regained five minutes after ignition. The 
maximum recorded concentration was 27.2 %. A sharp drop in concentration recorded after 
suppression. At 3 feet and 1 foot, the maximum water vapor concentration was recorded to 6 % 
and 2.9 % respectively. 
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Figure 39: Water vapor concentration for Exp 9 – Pallet, straw and OSB with suppression in 
concrete structure 
 
Figure 40: Relative humidity for Exp 9 – Pallet, straw and OSB with suppression in concrete 
structure 
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The relative humidity decreased to less than 5 % due to elevated temperature at 5 feet. The drop 
in relative humidity at 3 feet and 1 foot was more gradual. An increase in relative humidity was 
observed after suppression. The relative humidity values returned to background values two 
minutes after ventilation.  
 Structure type 3: Dry wall structure 
The experiments were conducted in the dry wall structure at IFSI, the layout of which is shown in 
Figure 41. The structure is a residential type structure made of standard two-by-four framing on a 
concrete foundation. It is covered by wooden planks on the outside and lined with gypsum 
(CaSO4∙2H2O) drywall on the inside. The fuel load was placed in the far corner of the Bedroom 
and measurements were taken just outside the bedroom door at 1 foot, 3 feet and 5 feet from the 
floor. Both the bedroom door and the living room door were kept open throughout the experiment. 
 
Figure 41: Layout of the dry wall structure at IFSI 
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Suppression was done six and a half minutes after ignition by putting water directly on the fire. 
Three experiments were conducted using different fuel loads. Table 4 summarizes the details of 
the experiments. 
Experiment Number Fuel Load Suppression 
10 Pallet and straw Yes 
11 Lightweight furnishings Yes 
12 Pallet, straw and OSB Yes 
Table 4: Details of experiments in the dry wall structure 
Figure 42, Figure 43 and Figure 44 show the temperature, water vapor concentration and relative 
humidity for Experiment 10 respectively. The fuel load used was pallet and straw which was 
ignited two minutes after start of data acquisition.  
 
Figure 42: Temperature for Exp 10 – Pallet and straw with suppression in drywall structure 
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The temperature increase was observed a minute after ignition and reached the peak value of 192 
°C at 5 feet, 58 °C at 3 feet and 48°C at 1 foot. At 5 feet, the temperature increased rapidly to its 
maximum value two minutes after ignition and was observed to decrease to about 140 °C three 
and half minutes after ignition. The temperature dropped to about 50 °C due to suppression six and 
half minutes after ignition.  
The water vapor concentration at 5 feet began to increase one minute after ignition and remained 
at about 12 % with the maximum value of 12.4 % until suppression. The concentration dropped to 
about 4 % four minutes after suppression. The 3 feet location and 1-foot location recorded peak 
water vapor concentration of 3.1 % and 2.7 % respectively. 
 
Figure 43: Water vapor concentration for Exp 10 – Pallet and straw with suppression in drywall 
structure 
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The relative humidity at 5 feet reduced to below 5 % one minute after ignition. At 3 feet and 1 foot 
it decreased to about 20 % and 25 % respectively. The relative humidity increased upon 
suppression and returned to the background values five minutes after suppression.  
 
Figure 44: Relative Humidity for Exp 10 – Pallet and straw with suppression in drywall structure 
The temperature, water vapor concentration and relative humidity for Experiment 11 are shown in 
Figure 45, Figure 46 and Figure 47 respectively. The fuel load used was a barrel chair identical to 
the ones used for Experiments 3, 6 and 8. It was ignited two minutes after starting data acquisition. 
The temperature began to rise rapidly one minute after ignition and reached the maximum value 
of 243 °C at 5 feet, 110 °C at 3 feet and 60 °C at 1 foot. The temperature dropped to 70 °C at 5 
feet, 50 °C at 3 feet and 40 °C at the 1-foot location due to suppression by water application six 
and half minutes after ignition. 
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Figure 45: Temperature for Exp 11 – Lightweight furnishings with suppression in drywall 
structure 
The water vapor concentration started to increase one and half minutes after ignition. A sharp rise 
in the 5 feet concentration was observed four and half minutes after ignition which is due to the 
gypsum drywall giving off its water of crystallization. The peak water vapor concentration at 5 
feet was recorded to be 18.8 %. The concentration decreased rapidly after suppression and reach 
about 3 % one and half minutes after suppression. At the 3 feet and 1-foot locations, the maximum 
water vapor concentrations were recorded to be 7.1 % and 3.6 % respectively. 
The relative humidity at 5 feet dropped rapidly to below 5 % one and half minutes after ignition. 
At 3 feet, the relative humidity dropped to below 10 % two minutes after ignition. The drop in 
relative humidity at the 1-foot location was more gradual and the lowest values recorded were 
about 15 % three minutes after ignition. The relative humidity values increased after water 
application but did not return to the background values for long time after suppression. 
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Figure 46: Water vapor concentration for Exp 11 – Lightweight furnishings with suppression in 
drywall structure 
 
Figure 47: Relative humidity for Exp 11 – Lightweight furnishings with suppression in drywall 
structure 
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For experiment 12, Figure 48, Figure 49 and Figure 50 show the temperature, water vapor 
concentration and relative humidity respectively. The fuel used was pallet, straw and OSB which 
was ignited two minutes after starting data acquisition. A sharp incrrease in temperature was 
observed a munite after ignition. The temperatures continued to rise and reached the maximum 
value of 298 °C at 5 feet, 122 at 3 feet and 82°C at the 1-foot location. 
 
Figure 48: Temperature for Exp 12 – Pallet, straw and OSB with suppression in drywall structure 
The water vapor concentration at 5 feet began to rise one minute after ignition and a maximum 
concentration was recorded to be 41.7 %. Such high water vapor concentration can be attributed 
to the fact that gypsum is di-hydrated calcium sulfate and it dehydrates when subjected to 
temperatures above 90°C [18]. A sharp drop in the water vapor concentration was observed after 
water application. Reduced local temperature in the fire room reduced water vapor concentration 
in air. However by the time the air reached the measurement location in non-fire room, it would 
have been heated by the surrounding hot smoke resulting in the observed low relative humidity. 
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Figure 49: Water vapor concentration for Exp 12 – Pallet, straw and OSB with suppression in 
drywall structure 
 
Figure 50: Relative humidity for Exp 12 – Pallet, straw and OSB with suppression in drywall 
structure 
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At the 3 feet location, the peak concentration of 8.4 % was recorded. Water vapor concentration 
changes were more gradual at the 1-foot location with the highest value being 4.5 %. The relative 
humidity at 5 feet dropped below 2 % a minute after ignition. At 3 feet, the drop in relative 
humidity to below 10 % was observed one and half minutes after ignition. At the 1-foot location, 
the relative humidity dropped gradually to below 20 % two and half minutes after ignition. The 
relative humidity increased upon water application but did not return to background values. 
 
Figure 51: Comparison of maximum temperature 
Figure 51 shows maximum recorded temperature for all the twelve scenarios. Maximum water 
vapor concentration for all the twelve scenarios is shown in [18]. It can be observed that fires with 
pallet, straw and OSB as fuel burned the hottest and produced large amount of water vapor. Fires 
with pallet and straw and fires with lightweight furnishings burned cooler and produced the lower 
amount of water vapor. With respect to the structures, temperatures measured in concrete structure 
were the highest followed by temperatures in the drywall structure followed by temperatures 
measured in the metal structure. Also, in the metal structure, fires with suppression recorded lower 
maximum temperature compared to fires without suppression. Fires in the drywall structure 
produced the highest amount of water vapor, followed by fires in metal structure and fires in 
concrete structure. Fires without suppression measured the least amount of water vapor. 
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Figure 52: Comparison of maximum water vapor concentration  
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Chapter 4: Conclusions and Future Work 
 Conclusions 
Real-time, time-resolved temperature, water vapor and relative humidity measurements for twelve 
fire scenarios conducted in metal, concrete and drywall training structures using three different 
fuel loads namely, pallet and straw, pallet, straw and OSB and lightweight furnishings were made 
using the water vapor measurement system described in this thesis. 
In the scenarios without water application, as the fire grew, the water vapor concentration increased 
and reduced as the fuel load burned out. In the scenarios with suppression, it can be concluded that 
suppression by water application has different impact on the water vapor concentration in different 
structures. In the metal structure, water application led to an increase in the water vapor 
concentration for all the three fuel loads. In the concrete structure, water application caused an 
increase in water vapor concentration as well, but it was not as pronounced as the increase caused 
in the metal structure and the maximum concentration recorded was before suppression. In the 
drywall structure, the water vapor concentration did not increase but instead decreased after 
suppression. This can be explained to be a result of the water vapor condensing out of the air due 
to the drastic drop in temperature in the fire room after suppression.  
Based on the temperature data, it can be concluded that the maximum temperature in the non-fire 
room is reached before suppression by water application irrespective of the structure. For any given 
type of fuel load, the highest temperatures were recorded in the concrete structure followed by 
temperatures recorded in the drywall structure and the lowest temperatures were recorded in the 
metal structure. Therefore, it can also be concluded that when suppressing by water application, 
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more of the applied water would convert to water vapor in case of a fire in a metal structure when 
compared to a fire in a concrete structure. This is observed in the experiments reported in this 
thesis. In case of the drywall structure, a high concentration of water vapor was generated before 
water application due to dehydration of gypsum upon exposure to the high temperature of the fire 
environment. 
Based on the fuels investigated, it can be concluded that a combination of pallet, straw and OSB 
burns at the highest temperature and generates the highest amount of water vapor, followed by 
lightweight furnishings and a combination of pallet and straw burns at the lowest temperature and 
produces the least amount of water vapor. For the scenario with lightweight furnishings, the 
maximum water vapor concentration recorded was after suppression. 
 Future work 
Though the water vapor measurement system described in this thesis is able to successfully 
measure time resolved water vapor concentration in real-time, it was observed that when the 
temperature was reduced below the boiling point of water upon suppression by water application, 
a considerable amount of steam condensed out of air, forming mist. In order to quantify the total 
amount of water in in the fire environment, a system can be designed to quantify the amount of 
water in the mist. 
The system currently uses fixed attenuation in order to prevent saturation of photodetectors. As a 
result of which sometimes during extremely high obscuration conditions some of the data is lost. 
In future variable attenuators could be used so that attenuation could be changed mid-experiment 
depending on the smoke obscuration levels. Although the issue of losing data due to smoke 
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obscuration has been successfully addressed to a great extent in this thesis, there is still the issue 
of distortion of signal because of soot particles.  
While the current system is designed to measure water vapor concentration and relative humidity 
at three locations, the number of locations can be increased in future. An additional three-tier 
sensitivity detection setup and pitch-catch setup would be required for each added location. A laser 
with higher power output may be required in order to provide enough power at each location.  
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Appendix A: MATLAB codes 
A.1 MATLAB code for obtaining temperature, partial pressure and peak absorbance 
values 
% partition function file 
Par = xlsread('parsum_H2O.xlsx'); 
  
% HITRAN file for water vapor data 
fid = fopen('01_hit04.par'); 
hitran = 
textscan(fid,'%2c%1c%12c%10c%10c%5c%5c%10c%4c%8c%15c%15c%15c%15c
%6c%12c%1c%7c%7c','delimiter','','whitespace',''); 
fclose(fid); 
  
Temp = 250:1:800; 
  
for j = 1:length(Temp)     
     
    T = Temp(j) 
    
    pmin = 0.0; 
    pmax = 0.5; 
    p = pmin:0.01:pmax; 
  
    for i = 1:length(p) 
    %   LorentzFitTestH2O inputs: T(K), P(atm), l(cm), 
nu_min(cm-1), nu_max(cm-1), res(cm-1) 
        [nu, abs, maxabs]=LorentzFitTestH2O(T, 1, 3.87604, 7177, 
7183, 0.01, p(i), Par, hitran);  
        abspeak(i) = maxabs; 
    end 
     
    file = strcat('HITRAN', num2str(T)); 
    save(file,'T','abspeak') 
    save('p.mat','p') 
    clear vars 
end 
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A.2 MATLAB function for simulating absorbance spectra for water vapor 
function [nu, abs, maxabs] = LorentzFitTestH2O(T, P, l, nu_min, 
nu_max, res, p, Par, hitran)  
% input T(K), P(atm), l(cm), nu_min (cm-1), nu_max (cm-1), res 
(cm-1) 
  
% Constants 
k = 1.3806488e-16; % Boltzmann constant (erg K-1) 
h = 6.62606957e-27; % Plank's constant (ergs) 
c = 2.99792458e10; % Speed of light in Vacuum (cm/s) 
P0 = 1; % Reference Pressure (atm) 
T0 = 296; % Reference Temperature (K) 
  
% partition function 
t=Par(:,1);  
[q0]=find(t==T0); 
[qt]=find(t==T); 
Q0=Par(q0,:);  
QT=Par(qt,:); 
Q=((Q0(2))/(QT(2))); % partition function ratio 
  
% HITRAN Inputs 
HIT_iso = str2num(hitran{2}); % Isotopologue number 
HIT_nu_c0 = str2num(hitran{3}); % Transition Wavenumber at zero 
pressure shift 
HIT_S0 = str2num(hitran{4}); % Line Intensity at 296 K 
HIT_aLa = str2num(hitran{6}); % Air broadening width 
HIT_aLs = str2num(hitran{7}); % Self broadening width 
HIT_El = str2num(hitran{8}); % Energy of lower level 
HIT_gamma = str2num(hitran{9}); % Temperature dependence 
HIT_delta = str2num(hitran{10}); % Pressure shift 
  
% % for specified wavenumbers 
count = 0; 
for w = 1:length(HIT_nu_c0) 
    if HIT_iso(w) == 1 
        if HIT_nu_c0(w) >=nu_min && HIT_nu_c0(w) <=nu_max 
            count = count + 1; 
            r(count) = w; 
        end 
    end 
end 
  
for i =1:count  
    nu_c0 = HIT_nu_c0(r(i)); 
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    S0 = HIT_S0(r(i)); 
    aLa = HIT_aLa(r(i)); 
    aLs = HIT_aLs(r(i)); 
    El = HIT_El(r(i)); 
    gamma = HIT_gamma(r(i)); 
    delta = HIT_delta(r(i)); 
  
    % definitions for all lines 
    nu_c = nu_c0 + delta*P/P0; % Line center wavenumber pressure 
shifted 
  
    aL = ((1-p)*aLa + p*aLs)*(P/P0)*(T0/T)^gamma; % Lorentz HWHM 
  
    % line profiles 
    nu = (nu_min:res:nu_max); 
    fL = aL/pi.*(1./((nu-nu_c).^2+aL.^2)); % Lorentz profile 
  
    % Far wing effect adjustment 
    g = 
(nu./nu_c).*(tanh(h*c*nu/(2*k*T))./tanh(h*c*nu_c/(2*k*T))).*fL; 
  
    % Line intensity 
    S = S0.*Q.*(exp((-h*c*El/k)*((1/T)-(1/T0)))).*((1-exp(-
h*c*nu_c/k/T))./(1-exp(-h*c*nu_c/k/T0))); 
  
    s_sigma(i,:) = S.*g; 
  
end 
  
sigma = sum(s_sigma,1); % all lines 
  
% transmittance 
u=101325*p*l/(k*T)*10; % 10 balances the units 
tau = exp(-u*sigma);  
  
% absorbance 
abs = -log(tau); 
maxabs = max(abs);  
  
figure() 
plot(nu,abs,'-r') 
xlabel('Wavenumber(cm^{-1})') 
ylabel('Absorbance') 
end 
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A.3 MATLAB code for building the peak absorbance matrix 
% load files 
datafolder = 'C:\Users\ssg2\Desktop\Final Water\MATLAB'; % 
location of files 
datafiles = dir(fullfile(datafolder,'*.mat')); 
cd; 
  
load p 
  
% combine individual files 
Temp = 250:1:800; 
for j = 1:length(Temp) 
    tic 
     
    T = Temp(j) 
     
    file = strcat('HITRAN', num2str(T)); 
  
    load (file); 
    T_full(j,:) = T; 
    abspeak_full(j,:) = abspeak; 
end 
  
T = T_full; 
abspeak = abspeak_full; 
  
% save variables 
save('variables','T','p','abspeak') 
  
csvwrite('H2OT',T) 
csvwrite('H2Op',p) 
csvwrite('H2Oabspeak',abspeak) 
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Appendix B: LabView program  
B.1 For real-time data processing 
 
Figure 53: Snippet of the LabView program used for real-time data processing 
